Characterization of 43 strains of Rhizobium leguminosarum biovars viciae, trifolii, and phaseoli was performed by two methodologies based on PCR amplification, i.e., PCR DNA fingerprinting of interrepeat sequences and restriction fragment length polymorphism (RFLP) analysis of PCR-amplified chromosomal and symbiotic gene regions. Groupings generated by PCR DNA fingerprinting with either extragenic palindromic repetitive primers or two different single random primers were correlated with similar levels of resolution. Although less discriminating, PCR-RFLP analysis of intergenic spacer between genes coding for 16S and 23S rRNA (16S and 23S rDNA) yielded intraspecific polymorphisms. The classification of strains was independent of the biovar status and was in agreement with those obtained by PCR DNA fingerprinting. Intrabiovar variation within symbiotic gene regions was detected by PCR-RFLP analysis of nifDK and nodD gene regions, but the strains were grouped according to their biovar. The rDNA intergenic spacer and nif primers were verified to be universal for rhizobial species by testing of various reference strains, whereas the nod primers designed in this study were biovar or species specific for R. leguminosarum and Rhizobium etli. Classifications of R. leguminosarum strains by the PCR-based methods were correlated with those previously obtained by conventional total DNA restriction profile comparisons and RFLP analysis using chromosomal and symbiotic gene probes. Ranges of discriminating powers were also equivalent between the two approaches. However, the PCR-based methods are much less time-consuming and are therefore more convenient.
Rhizobium is a genus of soil bacteria whose members are able to establish a nitrogen-fixing symbiosis with legumes. In most Rhizobium species, genes essential for symbiosis, and in particular genes that determine the plant host specificity, are carried on a symbiotic plasmid. Rhizobium strains contain in addition other phenotypically cryptic plasmids, and plasmid DNA may represent up to 50% of the genome (35) .
Restriction fragment length polymorphism (RFLP) analysis of Southern-blotted genomic DNA with various chromosome and symbiotic plasmid probes has been used to type strains in different species of Rhizobium (5, 10, 12, 14, 20, 24, 26, 36, 53) . Distinct symbiotic gene hybridization patterns could be found in identical chromosomal types, and correlations were not always found between chromosomal and symbiotic plasmid types, suggesting interstrain transfer and recombination of symbiotic sequences in the course of evolution (12, 20, 24, 26, 36, 53) . Therefore, for a proper characterization of Rhizobium strains, chromosomal and symbiotic gene markers should be concomitantly used.
Recently, various methods based on the PCR have been proposed to characterize Rhizobium strains and to examine genetic relationships in Rhizobium groups. Direct sequencing of genes coding for 16S rRNA (16S rDNA) amplified by PCR (8, 23, 33, 38, 48, 50, 51) and RFLP analysis of these PCRamplified sequences (PCR-RFLP analysis) (22) have been used to establish genetic relationships and to characterize Rhizobium strains at the species and higher levels. Sequences of 16S rDNA are known to be highly conserved among eubacteria (49) , and analysis of genetic variations in this region is not appropriate to differentiate strains within species. Greater variability can be obtained by analysis of intergenic spacer (IGS) sequences between 16S and 23S rDNA (16S-23S rDNA IGS sequences) in order to examine chromosomally encoded genetic variations at the intraspecies level (1) . Both sequencing and RFLP analysis of 16S-23S rDNA IGS sequences have been recently used for differentiation of strains within various bacterial species, including chickpea rhizobia (11, 28, 29, 32) .
Other PCR methods based on direct analysis by gel electrophoresis of multiple DNA fragments amplified simultaneously have been used to type rhizobia (PCR DNA fingerprinting). Random primers have been proposed to fingerprint Rhizobium strains (2, 7, 13) . Dooley et al. (7) proposed this approach for identification and phylogenetic grouping of Rhizobium isolates. DNA fingerprints can also be generated by using pairs of primers derived from repetitive extragenic palindromic (REP) and enterobacterial repetitive intergenic consensus (ERIC) sequences (47) . de Bruijn (4) demonstrated the usefulness of DNA fingerprinting by PCR using REP and ERIC primers (REP-and ERIC-PCR) for the identification and classification of members of several Rhizobium species. These methods have been used to type several rhizobial strains (19, 27, 30) .
The PCR DNA fingerprint methods reflect variations on DNA sequences located throughout the whole genome, but they do not permit the investigation of the diversity of symbiotic plasmids among chromosomally closely related strains. Enough variability was found in the IGS region between nifD and nifK genes, which are nitrogenase structural genes located on the symbiotic plasmid in most Rhizobium species, for typing, by PCR-RFLP analysis, of nitrogen-fixing strains of the genus Frankia (16) .
While various PCR-based approaches have been (or could be) used to type rhizobial strains, we lack comparative data to evaluate their respective levels of resolution and limitations. This is necessary in order to make a decision among the methods and to compare results generated by them. In the present study, we used and compared PCR-RFLP analyses of chromosomal DNA sequences (16S-23S rDNA IGS sequences) and of the symbiotic nifDK gene region to type and classify strains of the different biovars of Rhizobium leguminosarum. We have also developed a PCR-RFLP method to analyze variations in nodulation (nod) genes by using the region of the nodD gene, a gene essential in regulation of nod gene expression, as a target. In addition, the strains were examined by PCR DNA fingerprinting using random and REP primers. The sample of strains was chosen to represent various combinations of chromosomal types and symbiotic (nod and nif) gene hybridization patterns previously characterized on the basis of conventional RFLP analysis (12, 24, 26) . In addition, members of other rhizobial species were included. We have thereby aimed to evaluate the usefulness and limitations of different PCR-based methods to characterize Rhizobium strains.
MATERIALS AND METHODS
Bacterial strains. Forty-three R. leguminosarum strains representing the three biovars, viciae, trifolii, and phaseoli, of the species were used in this study. They were chosen from among those previously characterized by total DNA restriction fingerprinting and RFLP analysis of total DNA using various chromosomal and plasmid-encoded symbiotic gene probes (12, 24, 26) . In addition, we analyzed a collection of 19 reference strains representing most of the various rhizobial species, including the type strains of R. leguminosarum, Rhizobium tropici, Rhizobium etli, Rhizobium loti, Rhizobium galegae, Rhizobium huakuii, Sinorhizobium meliloti, and Sinorhizobium fredii. The additional strains were R. leguminosarum bv. trifolii USDA 2011, R. leguminosarum bv. phaseoli 8002, S. meliloti RCR2011, R. tropici CFN299, Rhizobium (Cicer) sp. strain USDA 3233, Rhizobium (Phaseolus) sp. strains R602 and H152, Rhizobium (Leucaena) sp. strain USDA 3497, Sinorhizobium teranga ORS 1007, Bradyrhizobium (Lupinus) sp. strain MSDJ 718, and Bradyrhizobium japonicum USDA 110. Sources of the reference strains have been previously reported (22) , except for R. leguminosarum bv. phaseoli 8002, which was kindly provided by J. E. Beringer.
Oligonucleotide primers. The sequences of the oligonucleotide primers used for PCR are shown in Table 1 . Primers SPH1 (13) and PucFor (2) were used for randomly primed PCR fingerprinting. The REP1R-I and REP2-I primer pair (47) was used for REP-PCR fingerprinting. Primers FGPS1490 and FGPL132Ј were chosen to amplify the 16S-23S rDNA IGS regions. FGPS1490 derives from conserved sequences in the 3Ј part of 16S rDNA genes (29) , and reverse primer FGPL132Ј corresponds to the 5Ј part of the 23S rDNA gene right next to the IGS (34) . For amplification of nifD through nifK fragments, primer FGPD807, corresponding to the nifD sequence conserved among nitrogen-fixing bacteria, was used (16) . Reverse primer FGPK492Ј, kindly provided by P. Normand (University of Lyon), was defined by comparison of nifK sequences of B. japonicum, Klebsiella pneumoniae, and Frankia strains. The primers used to amplify the nod gene regions were chosen by comparison of sequences of nod gene regions of R. leguminosarum bv. viciae, trifolii, and phaseoli available in the EMBL and GenBank Data Libraries. Primer NBA12 and reverse primer NBF12Ј were designed from the conserved nod box sequences of promoter regions of genes nodA and nodF (41) , respectively, flanking the nodD genes of R. leguminosarum bv. viciae and trifolii (Fig. 1A) . This pair of primers was used to amplify the nodD through nodF gene region in R. leguminosarum bv. viciae and trifolii. Primer NODD2PH678 corresponds to an oligonucleotide sequence in the 5Ј part of the nodD2 gene of R. leguminosarum bv. phaseoli (3) , and the reverse primer NODD3PH2152Ј corresponds to a sequence in the 5Ј part of the published sequence of the R. leguminosarum bv. phaseoli gene nodD3 (3) (Fig. 1B) . This primer pair allowed the amplification of the nodD2 through nodD3 gene region in R. leguminosarum bv. phaseoli. Reverse primer NODDRL2Ј corresponds to a consensus oligonucleotide sequence in the 3Ј region of the nodD genes of R. leguminosarum bv. viciae (42) and trifolii (37) and the nodD2 gene of R. leguminosarum bv. phaseoli (3) (Fig. 1) . Primer pairs NBA12-NODDRL2Ј and NODD2PH678-NODDRL2Ј were used to amplify the nodD gene of R. leguminosarum bv. viciae and trifolii and the nodD2 gene of R. leguminosarum bv. phaseoli, respectively. Oligonucleotides FGPS1490 and FGPL132Ј were synthesized by Appligene (Strasbourg, France), and all the others were synthesized by Eurogentec (Seraing, Belgium).
PCR amplification. Total DNA extraction and bacterial cell preparation for PCR amplification were done as previously described (22) . The PCRs were carried out with 50 to 100 ng of pure genomic DNA or with 5 to 15 l of bacterial cell suspension as template DNA. PCRs with random primers SPH1 and PucFor and REP primers were performed as described by Harrison et al. (13) , Coutinho et al. (2) , and de Bruijn (4), respectively, except that 1 U of Taq polymerase (Appligene) was used in a 25-l reaction volume. The other PCRs were carried out in 100-l reaction volume by mixing template DNA with the polymerase reaction buffer (10 mM Tris-Cl [pH 9; 25ЊC], 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl 2 ); 20 M (each) dATP, dCTP, dTTP, and dGTP; 0.05 M (each) primers; and 1 U of Taq polymerase, except for amplification of nodD through nodF gene regions, for which reactions were made with 2.5 mM MgCl 2 , 200 M each deoxynucleoside triphosphate, and 0.1 M each primer. All reaction mixtures were sealed with a thin layer of paraffin oil. PCR amplifications were performed by using a thermal cycler (TRIO-Thermoblock TB1; Biometra, Göt-tingen, Germany) with the following standard temperature profile: an initial denaturation at 95ЊC for 3 min; 35 cycles of denaturation (1 min at 94ЊC), annealing (1 min at 55ЊC), and extension (2 min at 72ЊC); and final extension at 72ЊC for 3 min. The temperature profile was modified for amplification of the nodD through nodF and nifD through nifK gene regions by increasing the annealing temperature to 57ЊC and 63ЊC, respectively. For randomly primed PCRs and REP-PCRs, aliquots of 3 to 8 l of PCR products were analyzed by horizontal electrophoresis in 1.5% agarose gels in TAE buffer (40 mM Tris-HCl, 4 mM sodium acetate, 1 mM EDTA [pH 7.9]). Electrophoresis was carried out at 100 V for 1 h with standard gels (6 by 8 cm) (Bethesda Research Laboratories Horizon 58 apparatus). For the other PCRs, amplified DNA was examined by electrophoresis in 0.9% agarose gels with 4-l aliquots of PCR products. Gels were stained with ethidium bromide and photographed under UV illumination with Polaroid type 665 positive-negative film.
Restriction fragment analysis. Aliquots (8 l) of PCR products were digested with 10 U of restriction endonuclease in 10-l reaction volumes by using the manufacturer's recommended buffer and temperature. The following restriction endonucleases were used: AluI (Gibco BRL, Cergy Pontoise, France), CfoI (Boehringer Mannheim, Meylan, France), DdeI, HaeIII, HinfI, MspI, NdeII, and TaqI (Appligene). Restricted DNA was analyzed by horizontal electrophoresis in 3 to 4% agarose (NuSieve 3:1 or MetaPhor; FMC, Rockland, Maine) gels. Electrophoreses were carried out at 80 V for 4 h with standard gels (11 by 14 cm) (Bethesda Research Laboratories Horizon 11-14 apparatus), and the gels were stained and photographed as described above. Similarities between each pair of strains were estimated from the proportion of shared restriction fragments to the total number of fragments identified for all the strains examined or from the proportion of shared restriction sites for cluster analysis of the nodD gene by using a simple matching coefficient (40) . Dendrograms were constructed from the similarity matrix by the unweighted pair group method with arithmetic mean (UPGMA) (39) . In order to test the goodness of fit of cluster analysis, cophenetic value matrices were calculated and compared with the original similarity matrices that were UPGMA clustered by using the NTSYS-pc analysis package (version 1.8; Exeter Software, Setauket, N.Y.). Relationships between strain groupings made by the various methods were assessed by comparison of the data matrices with NTSYS-pc. Matrix correlation was estimated by the correlation coefficient r, which is the normalized Mantel test statistic Z. Statistical significance tests were performed by comparing the observed Z value with its permutational distribution (1000 random permutations) and computing the probability, P, that the random Z values were superior or equal to the observed Z value.
RESULTS
PCR DNA fingerprinting. Forty-three strains of R. leguminosarum bv. viciae, trifolii, and phaseoli were initially analyzed by REP-PCR DNA fingerprinting. The results are shown in Table  2 and Fig. 2A . The strains which exhibited identical fingerprints were grouped in the same REP-PCR fingerprint type. Since some types shared most of their bands and thus appeared very similar, they were sorted into the same REP group (identified by a single letter). Thirty-nine types, distributed into 11 groups, were recorded. The strains were further examined by PCR DNA fingerprinting using two different oligonucleotides as a single random primer, SPH1 and PucFor. The classification of strains and the levels of resolution were similar to those achieved by REP-PCR DNA fingerprinting ( Fig. 2B and C) .
However, we observed that the banding patterns obtained by PCR could markedly vary for the same strain depending on the supplier of primers and sometimes for the same supplier depending on batches of primers; the various sources of Taq DNA polymerase; and, for randomly amplified polymorphic DNA primer PucFor, the type of thermal cycler used (data not shown).
PCR-RFLP analysis of 16S-23S rDNA IGS regions. 16S-23S rDNA IGS regions of the 43 R. leguminosarum strains were amplified with primers FGPS1490 and FGPL132Ј. Most strains produced single bands ranging from 1,160 to 1,400 bp as estimated by summing the sizes of the restriction fragments after digestion with restriction enzymes (Table 3 ). Some strains, of which the purity was carefully checked, reproducibly exhibited an additional band in the same range of size (Fig. 3, lanes 9 , 10, and 13). The 19 additional rhizobial strains all produced single bands in the range of sizes described above with the exception of the R. loti, R. huakuii, and B. japonicum strains, which produced single amplified fragments that were smaller in size, i.e., about 900 to 1,000 bp (data not shown).
Seven 4-base-cutting restriction endonucleases were used to digest the 16S-23S rDNA IGS fragments amplified from the 43 R. leguminosarum strains. Twelve to 13 distinct restriction patterns, with two to nine restricted fragments per pattern, were detected with each restriction enzyme (Table 3 ; Fig. 4A ). Fourteen different combinations of restriction patterns representing 13 main rDNA IGS types were recorded among the 43 strains (types V and V ϩ were regrouped, since type V shared all its restriction fragments with type V ϩ , which harbored additional fragments due to the PCR amplification of an extra band). By using only two restriction enzymes, e.g., HaeIII and TaqI, the same level of resolution could be obtained.
Comparison of PCR and conventional DNA fingerprinting and RFLP analysis of chromosomal DNA regions. To estimate relationships between the 13 rDNA IGS types, a similarity matrix was calculated by analyzing a total of 151 restriction fragments. The matrix was used to construct a dendrogram based on the UPGMA algorithm (Fig. 5A) . The results were in agreement with the classification of the strains into 11 REP groups, although 3 of them (c, g, and k) were subdivided into two or three rDNA IGS types and, conversely, rDNA IGS type I included REP groups a, b, and d (Table 2) . Generally, strains classified into the same REP group were clustered at levels of 
a Closely related patterns were designated by the same letter. b The rDNA IGS types are defined in Table 3 . c The chromosomal hybridization pattern types were previously determined by Southern blotting EcoRI-restricted total DNA and probing it with the chromosomal DNA probe plac12 (12, 24, 25) .
d V, viciae; T, trifolii; P, phaseoli.
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on July 6, 2017 by guest http://aem.asm.org/ similarity of at least 85% by RFLP analysis of rDNA IGS regions. Exceptions were strains of REP group k, which were classified in rDNA IGS types V and XIII. These IGS types did not cluster, but the uncut PCR products showed a length difference of more than 100 bp (Table 3 ; Fig. 3 ). All strains were previously typed by total DNA restriction fingerprinting and RFLP analysis of Southern-blotted total DNA by hybridization with a chromosomal DNA region as a probe, plac12 (12, (24) (25) (26) . At the higher levels of resolution, classification of the 43 strains into 39 types obtained by total DNA restriction fingerprinting was identical to grouping in 39 types by REP-PCR DNA fingerprinting (data not shown). PCR DNA fingerprinting was therefore found to be as sensitive as conventional DNA fingerprinting. The 11 REP groups and the 13 rDNA IGS types were also consistent with the 13 chromosomal hybridization pattern types (Table 2) , with some differences in discrimination of particular groups or types as described above for correspondence between REP groups and rDNA IGS types. On the whole, similar levels of resolution were thus obtained by the conventional and the PCR methods.
PCR-RFLP analysis of symbiotic gene regions. Primers FGP807 and FGP492Ј were used to amplify IGS regions between nifD and nifH genes and parts of these genes, which are located in most Rhizobium strains on symbiotic plasmids. The 43 R. leguminosarum strains and the 19 additional reference rhizobial strains were examined. The majority of the strains produced a single band of about 1,250 bp (data not shown). The size of the amplified fragment was smaller for B. japonicum USDA 110 (about 700 bp). Four R. leguminosarum bv.
phaseoli strains and R. tropici CIAT 899 produced an additional band of about 550 bp. DNA from Rhizobium (Phaseolus) sp. strain H152 was not amplified; however, this was expected, since it had not shown homology when its total DNA was probed with a nifKDH DNA probe (12, 23) . DNA of the R. huakuii strain could not be amplified under the PCR conditions used.
Results of RFLP analysis using eight 4-base-cutting restriction endonucleases of amplified nifD through nifK fragments from the 43 R. leguminosarum strains are shown in Table 4 . Five to 11 distinct restriction patterns were obtained with each restriction enzyme. Fifteen nif types, defined by the different combinations of restriction patterns, were found within the sample of strains. HaeIII was the most discriminating restriction enzyme, resolving the strains into 11 restriction pattern types (Fig. 4B) . Three additional restriction enzymes, i.e., CfoI, HinfI, and MspI, were necessary to obtain the same level of resolution as was obtained with the combination of the eight restriction enzymes.
Then nod regions of the symbiotic plasmids were examined.
FIG. 2. Examples of PCR fingerprints of R. leguminosarum bv. viciae, trifolii
, and phaseoli strains produced by using primer pair REP1R-1-REP2-I (A), single random primer SPH1 (B), and single random primer PucFor (C). Lanes 1 to 3, REP group a; lanes 4 to 7, REP group f; lanes 8 to 10, REP group i; lanes 11 and 12, REP group k; lanes M, molecular weight marker (1-kb ladder; Bethesda Research Laboratories). 
The rDNA IGS types represent the combination of restriction patterns obtained with seven restriction endonucleases.
b A superscript plus sign indicates that an extra band which yielded additional restricted fragments for some restriction patterns (Fig. 4A) was detected in the PCR product (Fig. 3) .
c Mean size of the undigested PCR products estimated by summing the sizes of the restricted fragments.
d The different pattern types detected with each endonuclease among the 43 strains analyzed (Fig. 4A) are shown. Primer NODD2PH678 was associated with primer NOD D3PH2152Ј to amplify fragments which included nodD2, the IGS sequence between nodD2 and nodD3, and about 120 bp of nodD3 in R. leguminosarum bv. phaseoli (Fig. 1) . All R. leguminosarum bv. phaseoli strains produced a single band of about 1,490 bp, which corresponded to the expected size according to the published sequence of R. leguminosarum bv. phaseoli nodulation genes (3). The primer pair NBA12-NBF12Ј was used to amplify DNA fragments including nodD and the IGS sequence between nodD and nodF in R. leguminosarum bv. viciae and trifolii (Fig. 1) . R. leguminosarum bv. trifolii strains produced a single band of about 1,450 bp, which was about 130 bp larger than the expected size, 1,317 bp, according to the published sequence of R. leguminosarum bv. trifolii nodulation genes (37) . The sizes of the single amplified bands produced by the R. leguminosarum bv. viciae strains ranged from about 1,360 to 1,490 bp (Table 4) .
Results of RFLP analysis of nodD through nodF or nodD2 through nodD3 regions are given in Table 4 . Examples of restriction patterns are shown in Fig. 4C . Fifteen nod types were discriminated with the eight restriction endonucleases used, but a combination of only three restriction enzymes, e.g., CfoI, HaeIII, and TaqI, was necessary to resolve the strains into the 15 nod types. Similar levels of resolution were thus obtained by analysis of either nod or nifD through nifK regions. However, some strains undifferentiated by one method were subtyped by the other. Eighteen composite genotypes which we called nod-nif types were recorded (Table 4) .
Primer pair NBA12-NBF12Ј did not permit amplification of DNA from rhizobia other than R. leguminosarum bv. viciae and trifolii. Likewise, primer pair NODD2PH678-NODD3PH 2152Ј permitted amplification only of DNA from R. leguminosarum bv. phaseoli and R. etli bv. phaseoli. These results were expected because of the differences in organization of nod gene clusters among the rhizobial species or biovars. In order to compare homologous DNA sequences between the different biovars of R. leguminosarum, DNA fragments restricted to the nodD genes were analyzed. By use of primer pair NBA12-NODDRL2Ј, a single fragment, including 876 of 969 bp (42) of the nodD gene, was amplified from each R. leguminosarum bv. viciae or trifolii strain, without detectable variations in size among the PCR products. This result indicated that the nodD through nodF IGS regions and not the nodD gene are variable in length in R. leguminosarum bv. viciae and bv. trifolii. Likewise, primer pair NODD2PH678-NODDRL2Ј permitted amplification of 875 of 954 bp (3) of the nodD2 gene for each R. leguminosarum bv. phaseoli strain. NODD2PH678-NOD DRL2Ј also permitted amplification of nodD gene fragments from R. leguminosarum bv. viciae and trifolii and from R. etli bv. phaseoli, but they did not allow amplification of fragments from strains of other rhizobial species under the PCR conditions used.
RFLP analysis of nodD or nodD2 gene fragments amplified from R. leguminosarum and R. etli was performed and found to be almost as discriminating as the analysis of about 1,350 to 1,500 bp of nodD through nodF and nodD2 through nodD3 regions. The map locations of the restriction sites were inferred from the known nodD gene sequences of R. leguminosarum bv. viciae, trifolii, and phaseoli strains. Additional nod types of R. leguminosarum bv. viciae, trifolii, and phaseoli and of S. meliloti strains were included in this analysis on the basis of their restriction site polymorphism directly inferred from the nodD gene sequences available in GenBank. A total of 153 restriction sites were examined. UPGMA cluster analysis of (Table 3) , the nod types are designated by letters (Table 4) , and the nif types are numbered from 1 to 14 (Table 4) . In dendrogram B, nod types of R. leguminosarum (R.l.) bv. viciae (v.), trifolii (t.), and phaseoli (p.) and of S. meliloti (S.m.) strains that are designated by an asterisk were included by inferring their restriction site polymorphism from the nodD sequences available in GenBank (accession numbers Y00548, J03671, X03721, X54214, X54215, X04473, X04474, and X53820). R.e., R. etli. Cophenetic correlations were as follows: r ϭ 0.91 (A), r ϭ 0.99 (B), and r ϭ 0.98 (C).
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on July 6, 2017 by guest http://aem.asm.org/ nod types was performed with the fraction of shared restriction sites (Fig. 5B ). Numerical analysis of 143 restriction fragments resulting from RFLP data for the nifD through nifK gene region was also performed (Fig. 5C) . In both analyses, the 43 R. leguminosarum strains formed three main clusters which corresponded to the three biovars of R. leguminosarum. The correlation between both classifications was good according to the Mantel test (r ϭ 0.81; P ϭ 0.001). Two subclusters were delineated within the sample of R. leguminosarum bv. viciae strains by analysis of both nifD through nifK and nodD gene regions, but nod-nif types F-7 and G-8 were grouped with nod-nif types A-1 to E-5 according to nodD analysis and with nod-nif types H-6, H-9, and I-10 according to nifD through nifK region analysis. The comparison of the nif and nod type similarity matrices was performed with the data restricted to the sample of R. leguminosarum bv. viciae strains, and the correlation coefficient was found to be low (r ϭ 0.19; P ϭ 0.05).
Among the strains of R. leguminosarum bv. trifolii and bv. phaseoli examined, the symbiotic gene regions appeared closely related within biovars and less polymorphic than those of R. leguminosarum bv. viciae. However, a level of divergence similar to that observed in biovar viciae strains was revealed within biovar trifolii when the reference strain ANU843 was included in the analysis of nodD genes (Fig. 5B) . Thirty-three and 26 polymorphic restriction sites were detected among the R. leguminosarum bv. viciae and bv. trifolii strains, respectively. We have verified that this diversity remains limited to the intrabiovar level by including nodD gene sequences from another rhizobial species, S. meliloti, in our analysis. In contrast, the nodD2 genes of the biovar phaseoli strains examined were closely related. For the nodD2 through nodD3 amplified fragments from the R. leguminosarum bv. phaseoli strains examined, only one restriction site localized in the nodD2 gene was found to be polymorphic. The nodD gene region amplified from R. etli CFN42 clustered with nodD2 genes of R. leguminosarum bv. phaseoli strains and differed from them by only one to two restriction sites. As expected from previous phylogenetic studies based on sequence comparisons (6, 52) , the three different copies of R. leguminosarum bv. phaseoli nodD genes were as distantly related to each other as are nodD genes from the different biovars or species, and the three different copies of the S. meliloti nodD gene were clustered at the species level.
The results of PCR-RFLP analysis were consistent with those previously obtained by RFLP analysis of total DNA probed with symbiotic gene probes (Table 4 ). For R. leguminosarum bv. viciae and bv. phaseoli strains, the levels of resolution were similar with the two techniques. Within the sample of R. leguminosarum bv. viciae strains, 11 different nod-nif hybridization pattern types were discriminated by conventional RFLP analysis. By PCR-RFLP analysis of the nod and nif regions, only one restriction enzyme (HaeIII or MspI) was required to detect 10 nod-nif types. For R. leguminosarum bv. trifolii strains, less polymorphism was detected by PCR-RFLP analysis (four nod-nif types) than by conventional RFLP analysis (eight nod-nif hybridization pattern types).
Comparison of RFLP analyses of symbiotic gene and chromosomal DNA regions. By contrast to RFLP analysis of symbiotic gene regions, RFLP analysis of chromosomal rDNA IGS regions grouped the R. leguminosarum strains independently of their biovars, as expected from a previous study based on conventional RFLP analysis (24) . The correlations between 
1,490 a-6 a-9 a-4 a-10 a-5 a-8 a-7 a-7 a P 6 O-14 ) resulted from RFLP analysis of nifD through nifK fragments. c Mean size of the undigested PCR products of nodD through nodF or nodD2 through nodD3 fragments estimated by summing the sizes of the restricted fragments. d The different pattern types detected with each endonuclease among the 43 strains analyzed are designated by uppercase letters for nodD through nodF fragments (R. leguminosarum bv. viciae and trifolii), lowercase letters for nodD2 through nodD3 fragments (R. leguminosarum bv. phaseoli), and numbers for nifD through nifK fragments (Fig. 4) .
e nod-nif hybridization pattern types were previously determined by Southern blotting of restricted total DNA and probing with various nod gene and nif gene probes (12, 21, 24) . The nod-nif hybridization pattern types identified by the same letter correspond to identical patterns obtained by probing with the nod gene probes, but some of them, e.g., A1 and A2, were further subtyped when the nif gene probes were used.
f V, viciae; T, trifolii; P, phaseoli.
the nod and the rDNA IGS similarity matrices and between the nif and the rDNA IGS matrices were relatively low, although significant (P ϭ 0.001), with r values of 0.66 and 0.52, respectively. Likewise, within biovars, the groupings into nod or nif types did not correspond to the grouping into chromosomal types (Fig. 5) . When the matrix comparisons were performed within each biovar, the correlations between symbiotic gene regions and rDNA IGS matrices were very low (r values ranging from 0.31 to 0.13) and generally not significant (P Ͼ 0.05).
DISCUSSION
Groupings of R. leguminosarum strains obtained by the PCR-based methods investigated in this study were in good agreement with the previous genotypic classification of these strains obtained by total DNA restriction fingerprinting and RFLP analysis of total DNA using chromosomal and symbiotic gene sequences as probes.
The most rapid and discriminating methods are based on PCR DNA fingerprinting. Our results showed that they reflected the variability of chromosomal DNA regions but did not reflect the variability of symbiotic gene regions in the R. leguminosarum species and biovars. Therefore, PCR DNA fingerprinting does not provide information about the possibility that different genotypes have the same symbiotic plasmid or, conversely, that the same chromosomal backgrounds harbor different symbiotic plasmids.
The patterns generated by the REP primers and the random primers were rather complex, with multiple bands of variable intensity; this limits a quantitative estimation of relatedness between strains. In addition, because of the lack of reproducibility that we occasionally observed, results should not be easily comparable between different laboratories; this limits the use of this method for identification of strains. Nevertheless, despite these limitations, these simple methods provide an efficient means for rapidly typing a large number of strains under well-standardized experimental conditions.
By PCR-RFLP analysis of 16S-23S rDNA IGS regions, the discriminating power was sufficient to group chromosomally closely related strains on the basis of the simple, reproducible, and, hence, easily analyzable patterns of restriction fragments. Analysis of combined data from various restriction enzymes enables estimation of relatedness between 16S-23S rDNA IGS regions. However, variability in length of the PCR products not only between rhizobial species but also between genotypes distantly or closely related within R. leguminosarum was recorded (for example, the strains that were distributed in 16S-23S rDNA types V and XIII showed very similar PCR DNA fingerprints and had identical chromosomal hybridization patterns). Length variability of rDNA IGS regions both between and within bacterial species has been reported (1, 18) . In bacteria, the rRNA operon is present in multiple copies. At least three copies occur in Rhizobium species (12, 15) . The multiple PCR products observed for some R. leguminosarum strains suggest variations in the length of IGS regions between the different copies, which could be partly explained by insertion of various tRNA genes in IGS regions (18) . The amplification of multiple PCR products from a single individual could also be due to the formation of heteroduplex DNA structures and of single-stranded DNA (17) . Therefore, length polymorphism of restriction fragments between 16S-23S rDNA IGS types does not necessarily correspond to differences in restriction sites, and distances between genotypes could be overestimated. Map location of restriction sites could not be performed, because sequence data for 16S-23S rDNA IGS regions were not available for Rhizobium species.
PCR-RFLP analysis of symbiotic gene regions grouped the strains within the R. leguminosarum species and within biovars independently of their chromosomal types. Within biovar viciae, the low correlation between groupings resulting from PCR-RFLP analysis of nifD through nifK and nodD gene regions could reflect recombination between different symbiotic genes. Similar levels of polymorphism were obtained for the two symbiotic gene regions. Our data indicated that the nodD2 gene sequence is conserved between R. leguminosarum bv. phaseoli and R. etli and that it is weakly polymorphic within biovar phaseoli. This result contrasts with the diversity detected in R. leguminosarum bv. viciae and bv. trifolii. Collectively, our results are consistent with those of previous studies showing that the phylogeny of nod genes was well correlated with the systematics of host legumes but was not correlated with the taxonomy of the bacteria (6, 43, 52) . Enough information was obtained from the present PCR-RFLP analysis of nodD genes to reveal their phylogenetic relationships in accordance with data based on nucleotide sequence comparison (6, 45, 52) .
The DNA sequences used as PCR primers for REP (or ERIC) DNA fingerprinting and PCR-RFLP analysis of 16S-23S rDNA IGS regions are conserved among a wide range of bacterial species. REP and/or ERIC primers even enabled PCR amplification within fungal genera (9, 44) . The nif primers used in this study were designed to be universal for the nitrogen-fixing bacteria (16, 31) . We have indeed verified that rDNA IGS and nif gene regions could be amplified for various rhizobial species. The random primers SPH1 and PucFor have also been used successfully to type strains of diverse rhizobial species (2, 7). On the other hand, the nod primers described in this study are biovar-or species-specific for R. leguminosarum and R. etli. However, it should be possible to design universal primers to amplify nod gene regions of other rhizobial species from the numerous available DNA sequences.
Thus, the PCR-based methods that we have evaluated offer a convenient alternative to conventional RFLP analyses with the same range of levels of resolution and the same possibility of typing either the whole genome or specific DNA regions. As they are much less time-consuming, avoiding fastidious DNA extraction and hybridization, they are more suitable for largescale identification and classification of bacterial collections and for study of large populations at the intraspecies level.
